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Outline of the talk

1) TMDs and their evolution

2] first attempt to a global fit

3] predictive power vs
relevance of nonperturbative corrections

4] outlook
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TMDs & their evolution

References (intro and reviews) :

- “The 3D structure of the nucleon” EPJ A (2016) 52
- J.C. Collins “Foundations of perturbative QCD"
- material from the TMD collaboration summer school
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https://link.springer.com/journal/10050/topicalCollection/AC_628286e999d9a60c9a780398df15f93d
http://www.physics.arizona.edu/~fleming/Main.html

Quark TMD PDFs

®;j(k, P; S, T) ~F.T. (PS | ¢;(0) Upgg ¢i(§) [PS )

U L T
Quarks| 7 |[7TA°| dio"TH°
U J1 hi
L \ gdi hf_L
T | fir \or | ha, hiz

Sivers TMD PDF

unpolarized TMD PDF

similar table for gluons and for fragmentation

bold : also collinear
red : time-reversal odd (universality properties]

|LF

extraction of a quark
not collinear with the proton

encode all the possible
spin-spin and spin-momentum
correlations
between the proton
and its constituents
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Factorization and evolution

— In certain processes
pp— tlX the cross section can be factorized
in contributions characterized by a specific
scaling of the momenta

do ~ H f{)a/re fba,re
~H f1 h

renormalized TMD PDF ;

IR div. : long-distance physics
and rapidity div. cancelled
by UV-renormalization and soft factor S

fl(aj?k%a 7C)

Evolution with respect to two scales
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) credit picture: M. Buffing 5 NATIONAL LABORATORY




Evolution of TMDs

ffb (xv b%)').) — ffb ($, b%, i, Cz) br, Fourier conjugate of kr

two “evolution scales”

Input TMD distribution can be expanded at low bT onto a basis of collinear distributions

e ) = 5 GG .

A sensible choice isto setthe G = Mz = 4e”2F /b7, = pi

initial and final scale as: _ _ N2
Gﬁ g
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Evolution of TMDs

ffb (xa b%)').) — ffb (SC, b%, i, Cz) br, Fourier conjugate of kr

two “evolution scales”

Input TMD distribution can be expanded at low bT onto a basis of collinegr distributions

£, b iy Go) = > Coagl@s b s G| @ fi (1) Ffy (. b {A])
b

A sensible choice is to setthe (i = u7 = 4e 77 /b3 = uf

initial and final scale as: _ 2 _ N2
6@ g
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"Global” analysis

References :

- Bacchetta, Delcarro, Pisano, Radici, AS: JHEP 1706 (2017) 081


http://inspirehep.net/record/1520011

What do we know 7

(only a selection of results!)

/ .
Framework| HERMES | COMPASS DY . N of points
production
KN 2006
hepph/ososees | FONH X X v v 98
Pavia 2013
. No evo
(+Amsterdam, Bilbao) v X X X 1538
arXiv:1309.3507 (QPM)
Torino 2014
(+JLab) No evo v v X X 576 (H)
arXiv:1312.6261 (QPM) (separately) | (separately) 6284 (C)
DEMS 2014
arxiv:1407.3311 | NLO-NNLL X X v v 223
FIKV 2014 | |
arXiv:1401.5078 LO-NLL 1T xQ2) bin | 1(x,Q2) bin 4 4 500 (?)

Pavia 2017

SV 2017
arXiv:1706.01473

NNLO-NNLL

309

[ courtesy A. Bacchetta )

9
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http://arxiv.org/abs/hep-ph/0506225
http://arxiv.org/abs/arXiv:1309.3507
http://arxiv.org/abs/arXiv:1407.3311
http://arxiv.org/abs/arXiv:1401.5078
http://arxiv.org/abs/arXiv:1703.10157

Data sets and kinematic coverage

4 I I LI I I LI I 1 1 L 1 1 LI B B B
10 E_ I Lt O l E
. ® COMPASS ]
103 ¢ HERMES =
o - A E288 i
% 102' Vv E288 N 2
O = »  E288 ﬁ
N . -
Q - <4 E605 -y ]
101 3 * Tevatron o o o E
= [0 LHC @ @ @ ° i
- e8¢ .
: P ° i
1 I o8 ? °° & 7 =
10~ 1077 1072 107" 1
X
Electron-positron annihilation data are still missing crucial for analyses
(only some azimuthal asymmetries are available]) of TMD FFs
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Features

Framework| HERMES | COMPASS DY 4 . N of points
production
Pavia 2017 LO-NLL v v v v/ 3059
PROs CONs

almost a global fit of
qguark unpolarized TMDs

includes TMD evolution

replica (bootstrap]
fitting methodology

kinematic dependence
In intrinsic part of TMDs

intrinsic momentum: beyond
the Gaussian assumption

no “pure” info on TMD FFs

accuracy of TMD evolution :
not the state of the art

only “low” transverse momentum
[no fixed order and Y-term]

flavor separation in
the transverse
plane : problematic
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http://arxiv.org/abs/arXiv:1703.10157

Intrinsic transverse momentum

2 K2 Tz =0.1
1 (1+ )\kJ_2) e
T G1a + AGi,

flaNP('x? kﬁ_) —

weighted sum of two Gaussian distributions:
same widths for TMD PDFs
different widths for TMD FFs

There are 11 free parameters
In a flavor independent scenario
(one for evolution)

1 1 B e P2 B P2
D%ﬁ};(szi) — — S (6 93a—h —|—)\F—§- € Y94a—h
T 93a—h + (AF/22)940_sn Z
z=20.5
B _ 2\
Inspired by model calculations: g5 4(2) — N34 (Z + 5)(1 Z)
Matevosyan et al. ’ ’ (26 —+ 5)(1 — 2)'7
Phys. Rev. D85, 014021 (2012), 1111.1740
Bacchetta et al.
Phys. Lett. B659, 234 (2008), 0707.3372
Bacchetta at al.
Phys. Rev. D65, 094021 (2002),
hep-ph/0201091 A o
rgonne
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Models - evolution and bt regions

arge bt correction to evolution
ooy b Large b i uti
9k (013 92) = —92 9 (other functional forms to be explored)
X 1 — e—bi_ir/bfnax P bmax » br — +00 avoid Landau pole
b(bT; bmina bmax) — bmax ~ 14 14

1 — € bT/bmin \

bmin , b7 — 0 recover collinear fact.
(bminN]-/Qa :LLB<Q) ~
br
Regularization needed to recover 12 o Sl bm ax

the cross section integrated over : i
gT in collinear factorization. P

0.4

Crucial from the theory point of view
and for the phenomenology of SIDIS il 0=20 GeV
[IOW G] 0.0 e ‘ 0.5 U 1.0 ELEES 1.5 A 2.0 bT (Gev_‘l)
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Data sets and selections - SIDIS

HERMES

p—at

HERMES
p— K T

HERMES
p— T

HERMES
p— K~

Cuts

Reference o

Prr < Min

161

0.2 < 2<0.7
[

0.2 Q,0.7 Q2] + 0.5 GeV  §

TMD factorization
[Pnr2/ 22 << 2]

avoid target fragmentation [?]
(low 2]

and exclusive contributions [?]
(high z]

Cuts

oo Phr < Min[0.2 Q0.7 Qz

—

0.20 < 2 <0.74

}

“Points | 190 190 80 187
Max. Q7 9.2 GeV? Problem with normalization
T range 0.06 < = < 0.4 In the previous release
HERMES | HERMES | HERMES | HERMES | COMPASS COMPASS
Dosxt Don DK |D—=K | D=>h" D— h™
Reference [74] [75]

" Points 189 3125

Max. Q? 9.2 GeV? 10 GeV*?

T range 004<2<04 . 0.005 < 0.12 -
Notes le: Muore (2 ' ‘ ’ ) 7

(3.1) 4 gOnne °
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Agreement data-theory

Flavor independent scenario

: 2 2
Flavor independent configuration | 11 parameters Points | Parameters X x"/d.o.f.
8059 11 12629 +£ 363 | 1.55 £ 0.05
HERMES | HERMES | HERMES | HERMES
- -~ - -~
p—T p—T p— K p— K '
: Hermes P/D into m+:
Points 190 190 189 187
problems at low z
x> /points 4.83 2.47 0.91 0.82
HERMES | HERMES | HERMES | HERMES | COMPASS | COMPASS
D—rt | Don | DK™ | D—-K | D—h" D — h™
Points 190 190 189 189 3125 3127
x* /points 3.46 2.00 1.31 2.54 1.11 1.61
E288 [200] | 288 [300] | E288 [400] | E605 Hermes kaons better than pions:
Points 45 45 78 35 larger uncertainties from FFs
x° /points 0.99 0.84 0.32 1.12
Compass : better agreement due to
#points and normalization
CDF RunI | DO Run I | CDF Run II | DO Run II
Points 31 14 37 8 Let’'s see what
x> /points 1.36 1.11 2.00 1.73 happens with the new data

|5
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Average transverse momenta Fivorind scenaric

026
0.24} :
0.22 ] m m ! Bacchetta, Delcarro, Pisano, Radici, Signori (JHEP 2017)
c\|>'_' (Om Signori, Bacchetta, Radici, Schnell arXiv:1309.3507
(3 0.20 7 . Schweitzer, Teckentrup, Metz, arXiv:1003.2190
g 0.18" ] O Anselmino et al. arXiv:1312.6261 [HERMES]
L'\IL 016 . Anselmino et al. arXiv:1312.6261 [HERMES, high z]
&3 I ‘ Anselmino et al. arXiv:1312.6261 [COMPASS, norm. ]
0.14 ’ ] A Anselmino et al. arXiv:1312.6261 [COMPASS, high z, norm.]
012 ] \/ Echevarria, Idilbi, Kang, Vitev arXiv:1401.5078 (Q = 1.5 GeV)
01 02 03 04 05 06 07
(k) (x=0.1)[GeV?]
Red/orange regions : 68% CL from replica method Inclusion of DY /Z diminishes the correlation

Inclusion of Compass increases the <PJ2_> e+e- data would further reduce the correlation

and reduces its spread
Argon neé
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Kinematic dependence

Average square

<k2 >($) — f deJ_ ki fla (337 ki’ Q — 1 GGV) transverse momentum
- fd27ﬁ ff(fl?»ki,Q =1 GeV) in TMD PDF

Color code : same as previous slide

Flavor-independent scenario:
no differences in quark/hadron
flavor

x-iIndependent extractions A
Argon ne3
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Kinematic dependence

<P2>( ) _ dePJ_ PJQ_ Dil—ﬂl(z, PJ2_7 Q =1 GGV) Average Squarg
1/\%F) = f d2P, Df_)h(z Pf Q=1 GeV) transverse momentum in TMD FF

Color code : same as previous slide

Flavor-independent scenario:
no differences in quark/hadron
flavor

z-dependence :
important to fit the data

GMC trans Anselmino et al.

hep-ph/9901442 o
., Argon neé
|8 NATIONAL LABORATORY



Whats next

Urgent things we need:
- SIDIS: distinction of different fragmentation mechanism
- SIDIS: NLO description of low gT and high gT data [separately)

- all processes: matching low and high gT
(actually we could also start from high gT to describe data)

- iIndependent extractions of TMD FFs: formalism but no data
- gluon TMDs: we have the [effective] formalism and the data

- a faithful Monte Carlo implementation of TMD sensitive processes

Argonneé
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What about TMD FFs ?

Forthcoming unpolarized data with transverse momentum dependence:

1] Belle-2 : e+e-to h X [TM dependence with respect to thrust axis]

collinear factorization ? TMDs ?
2) Belle-2:e+e-to h1 h2 X - Definitely TMD factorization

3) BES3..?

From the theory viewpoint we are working on the formalism, to prepare the ground for forthcoming
extractions:

- high-qT limit in collinear factorization

- low-qT limit in TMD factorization E. Moffat, T. Rogers, AS

Comparison with Pythia pseudo data for the moment,

Argcmneé
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Ref. [30] Ref. [7] Rank | T C | Limitz — 0
Gluon TMDs AFIFRRESE
:zzhll .rhl'* TH* 2 even = even €
g g1, —zAGy, 0 even odd 0
zhiy, zhiy —rAHfj 2 odd | even 0
zfi zfir —zGr | odd @ odd e(Tl]
--------------------------~ | !
I’gluon gluon correlator ol Bl o —FAGr : svE | e !
i i I 11 ' ’ 1)
N 1| ohi |chir+ohyy) | —sAHr | 1 | odd | odd el
1 (33', T) ~L.l. < ’ ( ) [0,£] (g) [§,O]| >|£+:0I Zh.'L .’L'h'L —rAH~ 9 odd odd e
zfiLL 0 even = even e}}l’:
zhi; 2 even | even €LL
I \As: | LT
Wilson loop correlator -
: " - . | TginT 1 odd @ even 0
" Loz, kr) ~d(z) F.T. <P|U[0,€] U[€a0]|P>|£+=o : zhyny 1 even | odd e /2
zhi 3 even odd —erLr
zfirr 2 even  even e%izr' /3
ToQTT 2 odd = odd 0
chypr 0 even = even 6(12,}
Zhaeen 2 even  even -2 e(Tl} /3
:z:h'lL#T 4 even = even erT

Boer, Cotogno, van Daal, Mulders, AS, Zhou Table 1. An overview of the leading twist gluon TMDs for unpolarized, vector polarized, and

JHEP 1610 (2016) 013 tensor polarized hadrons. In the second and third column, the names of the functions in this paper

are compared to the ones in refs. [7, 30, In the fourth column we list the rank of the function.

Furthermore, we list the properties (even/odd) under time reversal (71') and charge conjugation (C),

_ see appendix A. In the last column it is indicated to which e-type function the TMD reduces in the
& limit z — 0. As a shorthand, we use the moment notation ™ {z, k%) = [k2/(2M2))" f (z, k?).



Gluon TMDs

ep—ejet jet X pp—J/Ypy X pp—ne X

EIC !

gluon TMD

- factorization properties in effective theories

. See dedicated talks during the workshop
- N0 extractions beyond parton model yet

Argonneé
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Predictive power

References :

- Parisi, Petronzio: Nucl. Phys. B154, 427 (1979]

- Collins, Soper, Sterman: Nucl. Phys. B250, 199 (1985]
- Qiu, Berger: Phys. Rev. Lett. 91, 222003 (2003)

- Grewal, Kang, Qiu, AS: in preparation

Argonne°

NATIONAL LABORATORY

o 23



Saddle point approximation

Given a generic function f € Cz(a, b) and a positive constant A

Given xo, maximum in (a,b) for f:

o )= [l - eAf(xO)\/M;:(xo)) (1+o(3))

Argonn e°

ﬁ 24 AL LABORATORY



Saddle point approximation

Given a generic function f € C*(a,b) and a positive constant A

Given xo, maximum in (a,b) for f:

I(xg, A) = /ab dy eAf(@) — eAf(xo)\/A(;;r(xo)) <1 N 0(%))

Let’s apply this to a TMD PDF evaluated at kr = O:

(@, ks g, C) = B[ (2, b gy, )]

1 + 00 Hiod
iz kr = 0505, Gr) = / d(Inb7) exp {/ ;MWF [O‘SW ,SJ;]
v

— K(bp, pti) In C—f
Saddle point of the TMD PDF : Gi
stationary point of the exponent 4 n b% 4 In [Z Cosp @ fb] }
b

Argcmneé
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Determination of the saddle point

d /.Uf dis W q
TN o Mg Y < _
dbr b M TE H 2 Generate the scale-dependence of

/ the saddle point

— K(bT, qu.) In C_f Generates the x-depqndence of the
Cz' saddle point

+ In b7 /

2
+ In [ E :Ca/b('raanuiaCi)®fb(x7:ui)]} =0
b br=bp’

The lower the saddle point, the The higher the saddle point

more the TMD PDF is « # (bT > bmax], the more the

perturbatively dominated : nonperturbative corrections
strong predictive power are important
>  br

Argonne3
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Determination of the saddle point

Generate the scale-dependence of
the saddle point

Parisi and Petronzio (1979) and
Collins, Soper, Sterman (1982]) :
the same analysis at the level of
the cross section, neglecting the x-
dependent part:

Arggﬂr(]”n eé
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Determination of the saddle point

Generate the scale-dependence of
the saddle point

Parisi and Petronzio (1979) and Working at LL the solution is :
Collins, Soper, Sterman (1982]) : ¢ = 2 Q2
the same analysis at the level of — K=
the cross section, neglecting the x- _pouse (Fj“5p+8wbo)
dependent part: P 0 __ © (Q)
T A\ A

Conclusion : the large bT corrections
are more relevant at low Q

Argonneé
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Determination of the saddle point

d /ﬂf dis W q
TN o Mg Y < _
dbr b M TE H 2 Generate the scale-dependence of

i / the saddle point

— K(bT, qu.) In C_f Generates the x-depqndence of the
Cz' saddle point

+ In b7 /

+ In [ZCa/b(xab%7M17CZ)®fb(x7:uz)]} =0
b

bp=b2P

Qiu, Zhang (2001) introduced the x-
dependent term in the analysis at
the level of the cross section.

We repeat the same at the level of

the TMD PDF,
using the language of TMD evolution

Argonneé
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Determination of the saddle point

d /.Uf dis W q
TN o Mg Y < _
dbr b M TE H 2 Generate the scale-dependence of

i / the saddle point

— K(bT, qu.) In C_f Generates the x-depqndence of the
Cz' saddle point

+ In b7 /

2
+ In [ZCa/b(xaanu%Ci)®fb(x7:ui)]} =0
b br=bp’
Working at LL the solution is :
SRy [piusp+8ﬂbo (1_;((%,”;))] Conclusion : the predictive power
HEP — E <Q> Is governed by both Q and x
I A\A

d ) ) The sign of the derivative of the

X(z, 1) = d1n p2 In fo(z, 1) (=p" =@ collinear PDF determines the
< behavior

/LZ = 2e¢” P /pr Requires iterative solution

Argcmneé
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Large bt corrections

.
%
fa(.T bQQ) — ff(xabTaQ) bT < bmam
LA ¥ _ 2 . NP :
\ffl(xabmaxaQ)F (xabTaQabmax) bT > bmaaf;
/ T Which one is the most
Calculable in pQCD To be modeled and relevant part and in
(modulo PDFs] fit to data! which kinematic
region?

Argon neé
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Large bt corrections

fo (o025 0) = | @V Q)

/ |

Calculable in pQCD
(modulo PDFs]

fit to data!

\ff(x7 b%na,a:? Q)FNP(CC7 bT) Q? bmaaz)

To be modeled and

bT S bmax
bT > bmaaf;

Which one is the most
relevant part and in
which kinematic
region?

2b2
FNP(2,b7, Qi bynaz) = exp { — In (Q 9 {1 (07) = (Vo)1)

“extrapolation term”
(see also Qiu-Zhang
PRDB3 114011)

/ In (QQi;zn ax) {ga(b

— g_2(b2 o b?naac)}

low bT behavior
extrapolated to large bT
region

. 32

7 — b?naa:)}

g1 ,«&

fixed as a function of the other
parameters, requiring continuity of the
first and second derivatives

Argonneé
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Large bt corrections

fo (o025 0) = | @V Q)

/ |

Calculable in pQCD
(modulo PDFs]

fit to data!

\ff(x7 b%na,a:? Q)FNP(CC7 bT) Q? bmaaz)

To be modeled and

bT S bmax
bT > bmaaf;

Which one is the most
relevant part and in
which kinematic
region?

2b2
FNP(2,b7, Qi bynaz) = exp { — In (Q 9 {1 (07) = (Vo)1)

“extrapolation term”
(see also Qiu-Zhang
PRDB3 114011)

/ In (QQi;zn ax) {ga(b
/— G (b — qumx)}

Correction to evolution

. 33

7 — b?naa:)}

g1 ,«&

fixed as a function of the other
parameters, requiring continuity of the
first and second derivatives

Argonneé
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Large bt corrections

fo (o025 0) = | @V Q)

/ |

Calculable in pQCD
(modulo PDFs]

fit to data!

\ff(x7 b%na,x? Q)FNP(CC7 bT7 Q? bma:c)

To be modeled and

bT S bmax
bT > bmaaf;

Which one is the most
relevant part and in
which kinematic
region?

2b2
FNP(2,b7, Qi bynaz) = exp { — In (Q 9 {1 (07) = (Vo)1)

“extrapolation term”
(see also Qiu-Zhang
PRDB3 114011)

/ In (QQZZ” ax) {ga(b
/— G (b — qumx)}

Correction to evolution T

Correction to OPE at small bT
(Intrinsic transverse momentum]

-y 34

7 — b?na:c)}

g1 ,«&

fixed as a function of the other
parameters, requiring continuity of the
first and second derivatives

Argonneé
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QIUOI'\ - MI—I (7125 GeV) preliminary

2_5 T T T T T \‘ T T T T T \‘ T T T T T \‘ T T T T T \‘
I the x dependence determines a change with respect
Q=M to CSS-like solution
I 0 Sensitivity to NIP effects enhanced at high x
2.0 P .
* — LL brgp *
‘T> I ® NNLL/NNLO E+D - g, =0.4 [GeV?]
O]
O 15" , ,
= I ® NNLL/NNLO E+D+l - {g2,92}={0.4,0.2} [GeV~] ]
= o) = — i falo)
% ® NNLL/NNLO E+D+l - {go,9}={0.6,0.2} [GeV?] L H) = dln M2 N JaldL, [ .
q a
X N i
S a -0 . : . ©
=0 positive : negative
Q .
0.5¢ ]
- “CSS solution”
e © ©occes®
O'O 7 | | | | | [ ‘ | | | | | [ ‘ | | | | | [ ‘ | | | | ; 1| ‘ | | | | | | “7
107° 1074 0.001 0.010 + 0.100 1

X Argonne°
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QIUOI'\ - MY (79 GeV) preliminary

2_5 T T ‘ T T T ‘ T T ‘ T T ‘ T T T
f ¢ o
Q=My ’
L
20 — 0 ]
7 LL b, .
_ ® NNLL/NNLO E+D - gp =0.4 [GeV?] o
< o
E 15 * NNLL/NNLO E+D+l - {gp,Go}={0.4,0.2} [GeV?] |
= ° |
> ® NNLL/NNLO E+D+l - {go,3>}={0.6,0.2} [GeV?] .’
= X .
a -y
><. r "..0 b
S 1.0- ¢ ]
5% + “CSS solution” ® ]
QO L
©
®
I o © 00 1
0.5 csss @
f o © ©0°%¢
0.0 | | | | | [ \‘ | | | | | [ \‘ | | | | | [ \‘ | | | | | [ \‘ | | | | | | \.:
107° 1074 0.001 0.010 0.100 1

X Argonne°
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QIUOI'\ - MJ/Ll) (T3 GeV) preliminary

2_5 I I T 1 ‘ I 11 ‘ I I T 1 ‘ I 11 ‘ I I I T 1
L . _
* o
e
* Q=M yy °
20" .
I - 0 °
LL b7, ° .,
‘T: e NNLL/NNLO E+D - go =0.4 [GeV?]
> I
O 15 ® NNLL/NNLO E+D+l - {go,go}={0.4,0.2} [GeV?] b
2 “CSS solution” ¢
s ® NNLL/NNLO E+D+l - {go,go}={0.6,0.2} [GeV?]
1
O L |
- Q)
Z 10 Q) |
S8 | o j
£y .o‘
I @® ® |
0.5 o 0% 1
I ° e © ]
00 7 Lo Lo Lo Lo L \‘7
10-° 10~4 0.001 0.010 0.100 1

X Argonne°
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up quark - MZ (791 GeV) preliminary

2_5 I I I I I T \‘ I I I I I T \‘ I I I I I T \‘ I I I I I T 1 ‘
Q=My
f — LL b3,
20" s
* — LL brgp
= e NNLL/NNLO E+D - g, =0.4 [GeV?]
3 15 ¢
o © NNLL/NNLO E+D+l - {g5,g2}={0.4,0.2} [GeV?] d o
"—":l i X(CE,ILL) — dln 2 1nfa(aj71u) |
S e NNLL/NNLO E+D+l - {g»,go}={0.6,0.2} [GeV?] N H negative & °
Il I _ positive ; ]
a - “CSS solution” : o |
= 1.0" e 1
T - © |
o ©9° ;
’ ¢ @ o Yooy © o oO0ces
0.5r ]
0.0 7 | | | | | [ \‘ | | | | | [ \‘ | [ \‘ | | | | | [ ‘ : | | | | | [
10-° 10~4 0.001 0.010 0.100 1

X Argonne°
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up quark - Mw (~80 Gev)

—— LL bY

Q=Mpy

Tsp

My) [GeV™]

® NNLL/NNLO E+D - g5 =0.4 [GeV?]
® NNLL/NNLO E+D+l - {g5,go} ={0.4,0.2} [GeV?]

© NNLL/NNLO E+D+l - {gp,g>}=1{0.6,0.2} [GeV?]

~ “CSS solution”

RN
o

b‘}psp(x,Q

I

preliminary

X(z,p) =

positi\7

g eee

In fa(z, p)
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up quark - MY (79 GeV) preliminary
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preliminary

up quark - N\J/q; (73 GeV)
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Predictive power in x-Q plane

4,_ LI | | | LN .
10 -t o high predictive power
n : weak influence of NP
" ® COMPASS ]
103L ¢ HERMES =
T - A E288 i
%, 102" Vv E288 F
O - > E288 ﬁ
& : .
O - 4 E605 4 |
101 — ¥ Tevatron o o o —
- B LHC @ @ © o
- g828.° WM i
I Q > © I ow predictive power
15 ey . "? ... .’ | s strong influence of NP
104 1073 1072 101 1
X
Smallx, high-Q: Rapidity dependence too

strong predictive power
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Kinematic coverage

W-boson production at

'Y"' L L4 YYY'Y'] LS L "V'VY'

[ current data for Collins and Sivers asymmetry:

104E
£ ® COMPASS h":P,, < 1.6 GeV
O HERMES 2™, K":P,, <1GeV

JLab Hall-A 2" P,, <045 GeV

3 ¥ STAR W bosons

107F o RHIC 500 GeV -1 <1 < 1 Collins
O RHIC 200 GeV -1 < n < 1 Collins
® RHIC 500 GeV 1 < ) < 4 Collins

L J ¥ ¥ T TEY

Q? [GeV?

RHIC probes TMDs in
the high Q - high x
region

High Q: TMD
factorization under
control

High x : enhanced
sensitivity to
nonperturbative effects

Interesting combination

w0 JLab 12 (upcoming)
10 2 3
10 F
1 p—
10 10° 107

Picture from O. Eyser - CIPANP 2018
v
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Z PT‘OC'UC'“OI'\ @LHC 13 Tev preliminary

- High-Q / high-s
12 - .
pp — Z(—u"p) .
I VT Z 13 Tev Forward rapidity
10 - .
: * LHCb data [1607.06495]
% 8 ; 2 <Yy <4.5 ]
o A . Extrapolation to large bT
= max T PEL T SaTRa T without NP corrections
> 6 :
=
5 I
o L
4 - i
i Forward rapidity probes
: significantly large x values
2r 7 and we need NP
i | corrections to describe the
0 I ! ! ! | very low qT bins
0 5 10 15 20 25

qr [GeV]

The more precise the observable is, the more relevant the NP corrections can be: see e.g. W
mass and flavor dependence of intrinsic transverse momentum (arXiv:1807.02101) n
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http://arxiv.org/abs/arXiv:1807.02101

Conclusions and outlook

A first attempt to a global fit of TMD PDFs and FFs has been completed
\We need independent information about TMD FFs to break the anti correlation with TMD PDFs

TMDs have predictive power in the smallx / high-Q limit.
Z production @LHC 13 TeV in different rapidity ranges can be used to prove the point.
Forward rapidity probes large x region, which implies sensitivity to the form of the NP part.

Conversely observables are more sensitive to NP corrections in the low-Q / large-x limit (JLab).

An interesting region to extract the nonperturbative contributions to TMD PDFs could be the
region at high Q (to better control the corrections to factorization) and high x [to enhance the
sensitivity to the large bT region)

RHIC can provide data in this region, e.g. W-boson production to study both polarized and
unpolarized TMDs, providing a complementary view on the results available from JLab
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COI li n ear vs TMD PDFS see E. Nocera - POETIC2016
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(Un)polarized collinear PDFs
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104

World data for h;
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Nc production at LHC

full transverse momentum spectrum: inverse-error weighting :

do/dqr [nb/GeV]

106

10°

102 §

10!

N production

bmfin and bmam

Vs =17 TeV
R2 = 0.921533
2<y<4.5

NP model 1502.05354

LHCb +—e—
Resummed

Fixed-order sssssss=

Average mmmm

Scale uncertainty ==

NP uncertainty o |

49

Echevarria, Kasemets, Lansberg, AS, Pisano
Phys.Lett. B781 (2018]) 161-168

blue band: uncertainty from matching

grey band: scale uncertainty

red band: uncertainty associated
to the nonperturbative evolution
and
intrinsic transverse momenta

- = = o T —

| the formalism is in good shape
"KL we need the data at low gr
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http://inspirehep.net/record/1646273

W mass

——T T T T

ALEPH ATLAS L 2

DELPHI @

L3 @

OPAL @

CDF ———

DO ——

ATLAS W* —on
® Measurement |

ATLAS W « Stat. Uncenrtainty

ATLAS W* T FullUncertalnty o= @ .
80250 80300 80350 80400 80450 80500

my, [MeV]

Experimental measurements

mw = 80370 £ 19 MeV
(7 stat, 11 exp, 14 th)

Need to better control the uncertainties

ATLAS, arxiv:1/701.0/7240

e Y .

%‘ - ATLAS = my= 80.370 = 0.019 GeV -

O, 80.5 B m=17284+070GeV -

E; N - m,=125.09 + 0.24 GeV

80.45 W 68/95% CL of m,,, and m, —

80.4}- ]

80.35 7 -

80.3 - ww B8/95% CL of Electroweak’]

wll Fit wio m,, and m, ]

- {Eur. Phys. J.C 74 (2014) 3046) -

PR DT EPERT R PU ISR EEPUNT TSN
80.25 165 170 175 180 185

m, [GeV]

Global EW fit
mw = 80356 £ 8 MeV

Is It possible to reduce the uncertainty
to less than 10 MeV ?

associated to
direct determinations of m\\\V

' 50

>

Are we estimating all the uncertainties
of hadronic nature in the best way possible?
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